One of the first lines of host defense against many viruses in vertebrates is the innate immune system, which detects pathogenassociated molecular patterns (PAMPs) using pathogen recognition receptors (PRR). The dynamic interactions between pathogens and hosts create, in some cases, species-specific relationships. Recently, it was shown that murine factor X (mFX)-armored human adenovirus (HAd) stimulated a mFX-Toll-like receptor 4 (TLR4)-associated response in mouse macrophages in vitro and in vivo. Given the importance of studies using animals to better understand host-pathogen interactions, we asked if human FX (hFX)-armored HAd type 5 (HAd5) was capable of activating innate immune sensors in primary human mononuclear phagocytes. To this end, we assayed human mononuclear phagocytes for their ability to be stimulated by hFX-armored HAd5 via a TLR/NF-B pathway, in particular, a TLR4 pathway. In our hands, we found no significant interaction, activation, or maturation of human mononuclear phagocytes caused by the presence of hFX-armored HAd5.
T
he innate response uses an array of pathogen recognition receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPs). The best-characterized PRRs are the members of the Toll-like receptor family (TLRs); among them, TLR4 is arguably the most studied. Due to the endemic and occasional epidemic nature of human adenovirus (HAd) infections, and the advent of human and nonhuman Ad-derived vectors for shortterm (e.g., vaccines) and long-term (e.g., brain gene transfer) (1, 2) transgene expression, understanding their interaction with the innate immune system is fundamental to better treat HAd diseases and to optimize the efficacy of gene transfer vectors. Studies addressing the interaction of HAds with PRR have demonstrated that these pathogens trigger signals from cytosolic-and/or vesiclecompartmentalized double-stranded DNA sensors (3) (4) (5) (6) .
Wild-type and transgenic mice are commonly used to assess the risk and efficacy of drugs and treatments and have been valuable models from which many paradigms of immunology have been derived. Although there are differences that affect the transcriptional response and functionality of several leukocyte lineages (7, 8) and TLR4 signaling (9) , there are many features conserved between human and murine immune systems. Yet a recent pair of studies described contrasting interpretations-using the same data set-of the fidelity of mouse models with respect to mimicking human inflammatory diseases (59, 60) .
When pathogens are concerned, the results generated in mice can influence therapies in humans. The interaction between PRRs and PAMPs has dynamically coevolved to create, in some cases, species-specific interactions. Murine factor X (mFX)-armored HAd5 (mFX-HAd5) stimulated TLR4 signaling in mouse spleen macrophages in vitro and after intravenous virus injection (10) . We previously described the response of human monocyte-derived dendritic cells (MoDCs) to replication-defective HAd5 vectors and found that they poorly stimulated DC maturation (3) . This response in human mononuclear phagocytes is in contrast to the ability of HAd5 vector to efficiently stimulate the maturation of mouse DCs (11, 12) . An example of the differences concerns the half-life of HAd in blood. In contrast to human erythrocytes, mouse erythrocytes do not express the coxsackievirus and adenovirus receptor (CAR) (13) . Therefore, CAR-tropic Ads, like HAd5, are poorly (Ͻ1%) cell associated in mice (14) and cleared from the systemic circulation within an hour (15) . In humans, the retention time for HAd5 in blood, after intravenous vector administration or during acute viremia, can be between 6 and 24 h (16) (17) (18) . The prolonged blood half-life should increase the likelihood of vector interaction with plasma components like FX and cells expressing TLR4. Human FX (hFX) and mFX bind the HAd5 hexon with nanomolar affinity, and the latter is thought to facilitate liver transduction in mice (19, 20) by preventing neutralization of natural antibodies after intravascular delivery in naive immunocompetent mice (21). TLR4 is expressed at different levels by human monocytes, neutrophils, DCs, platelets, and B and T cells (22) (23) (24) (25) . Therefore, an interaction between HAd5, human FX, and human TLR4 would be relevant in the systemic inflammatory response.
The juxtaposition of the results described above prompted us to explore, in an exclusively human system, the role of human FX and human Ad in human TLR stimulation, activation, and maturation in human mononuclear phagocytes. Our report complements and extends the novel results reported by Doronin et al. (10) and will help us better understand the innate immune response to HAds and their vectors to treat human diseases.
MATERIALS AND METHODS
Cells and culture conditions. Human MoDCs and human monocytederived macrophages were generated in the presence of 50 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and of 20 ng/ml interleukin-4 (IL-4) (Peprotech, Neuilly sur Seine, France) and 25 ng/ml GM-CSF, respectively, as previously described (61, 63) . THP-1-ASC-GFP cells (26) were cultured under the same conditions as MoDCs and differentiated into THP-1-derived DCs (27) . HepG2 cells, a human hepatocellular carcinoma cell line, were maintained in Dulbecco's modified Eagle's medium (DMEM) (Lonza, Basel, Switzerland)-10% fetal calf serum (FCS) (Sigma-Aldrich, Saint-Quentin Fallavier, France).
Adenovirus vectors. Adenovirus ␤-galactosidase (Ad␤gal) (28) and AdLite (29) are E1/E3-deleted HAd5 vectors and were produced as previously described (28) . Alexa 555-labeled AdLite (AdLite-555) was generated as previously described (30) .
hFX binding to HAd5, immune-complexed adenovirus (IC-Ad) formation, and cell stimulation. To 400 l of RPMI medium-10% FCS (Life Technologies, Villebon, France)-penicillin-streptomycin containing 4 ϫ 10 5 cells, we added 2 ϫ 10 4 physical particles (pp) of Ad␤gal/cell alone preincubated with 4 g of hFX (Cryoprep, Montpellier, France) or sequentially preincubated with Ϯ4 g hFX and 2.5 l of Kiovig (Fig. 1A) . Kiovig is a solution containing pooled human IgG, and the corresponding amount of Ad␤gal was mixed in a volume of 35 l for 15 min at room temperature. TAK-242 (Invivogen, Toulouse, France), a TLR4 inhibitor, was added to the DCs 1 h before stimulation.
HAd5 transduction efficiency in the presence of hFX. HepG2 cells were incubated with Ad␤gal with or without hFX with or without IgG (1,000 pp/cell) as previously described (19, 20) . Briefly, 2.5 ϫ 10 4 HepG2 cells were plated in 24-well dishes in DMEM-10% FCS the day prior to incubation. On the day of infection, cells were washed twice with phosphate-buffered saline (PBS) and 500 l DMEM was added to each well. Vectors or vectors incubated sequentially with hFX and/or Kiovig were added and incubated for 3 h at 37°C. Medium was removed, and cells were washed once with PBS. Subsequently, medium was replaced with DMEM-10% FCS, and cells were maintained for 72 h at 37°C. At 3 days postinfection, the cells were lysed in lysis buffer (Promega, Charbonnieres, France) and ␤-galactosidase activity was quantified and normalized to protein content as measured by the bicinchoninic acid (BCA) method (Pierce, St Leon-Rot, Germany).
qRT-PCR. The levels of human IL-8, IL-1␤, interferon-inducible protein (IP-10), and beta interferon (IFN-␤) mRNAs were analyzed using quantitative reverse transcription-PCR (qRT-PCR). Total RNAs were isolated from THP-1-derived DCs using a High Pure RNA isolation kit (Roche, Meylan, France). Reverse transcription was performed with a Superscript III first-strand synthesis system (Invitrogen, Life Technologies, Villebon, France) using 300 ng of total RNA and random hexamers. Relative gene expression levels of each respective gene were generated using the threshold cycle (2-⌬⌬CT) method as described previously (31) , where the fold change in gene expression was normalized to the level for the GAPDH housekeeping gene in each cell type and gene expression in the THP-1-derived cells was set to 1.
Expression of costimulatory molecules by flow cytometry. The cell surface levels of CD83 and CD86 were assessed by flow cytometry on DCs exposed to Ad␤gal or IC-Ads. Cells were collected 18 h postinfection and resuspended in PBS-10% FCS and subsequently stained with CD86-allophycocyanin (APC) or CD83-fluorescein isothiocyanate (FITC) (clone FUN-1 and clone HB15e, respectively; Becton-Dickinson, Le Pont-deClaix, France) for 40 min at 4°C. Cells were washed twice, and propidium iodide (PI) (Sigma-Aldrich, Saint-Quentin Fallavier, France) or 7-aminoactinomycin (7-AAD) (Becton-Dickinson, Le Pont-de-Claix, France) was added to the cells prior to analyses. Data were analyzed by FlowJo software.
Capsid binding and TLR4 internalization. MoDCs were incubated with Ad␤gal or AdLite-555 with or without hFX with or without Kiovig for 3 h. Cells were harvested, and the cells treated with Ad␤gal were stained for TLR4 expression with anti-human CD284 (TLR4)-Alexa 488 (clone HTA125) (eBioscience, Paris, France), while cells treated with AdLite-555 were washed and resuspended in PBS-10% FCS and kept on ice. After staining and washing were performed, all cells were incubated with 7-AAD to identify dead cells. TLR4 internalization was measured as a decrease of the mean fluorescent intensity (MFI) compared to the results seen with mocktreated cells. Virus attachment was measured as an increase in the MFI and compared to the results seen with mock-treated cells.
Quantification of cytokine secretion. Tumor necrosis factor alpha (TNF-␣) was quantified from supernatant by enzyme-linked immunosorbent assay (ELISA) (OptEIA; Becton-Dickinson, Le Pont-de-Claix, France).
Statistical analysis. All experiments were performed a minimum of three independent times, and the results are expressed as mean values Ϯ standard deviations (SD). Comparisons of groups for determinations of statistical differences were done using Student's t test. A P value of Ͻ0.05 is denoted as significant.
RESULTS
Several studies have shown that the use of hFX-armored HAd5 vectors results in increased gene transfer in vitro. We therefore preincubated Ad␤gal with recombinant hFX and added these complexes to HepG2 cells. Consistent with study results of others, hFX increased the transduction efficacy by approximately 7-fold (19) (Fig. 1B) . These data demonstrated that the HAd5 vectors and recombinant hFX were biologically active and functioned as previously described.
Using in vitro cultures of primary mouse macrophages derived from wild-type mice, Doronin et al. compared HAd5 to mFXHAd5 and found significantly greater production of proinflammatory cytokines and chemokines (IL-1␤, IL-2, TNF-␣, CXCL1, and CXCL9) (10) . In vitro comparison of primary macrophages of wild-type and TLR4-deficient mice also showed a significant increase in addition to the aforementioned results from cytokines and chemokines. However, whether a xenogenic mix of HAd5 and hFX could stimulate secretion of proinflammatory cytokines and chemokines by mouse macrophages was not assayed. We therefore incubated hFX-HAd5 complexes, generated under conditions nearly identical to those described previously (10) , with murine mononuclear phagocytes. Under these conditions, we found no differences in the levels of secretion of proinflammatory cytokines (data not shown). These data support the conclusion that it was the combination of mFX with HAd5 that induced a proinflammatory response in murine mononuclear phagocytes. These results prompted us to extend our finding in an exclusively human setting.
hFX-HAd5 did not increase binding to MoDCs. A priori, one would not expect coagulation factors to bind cell surface PRRs under healthy conditions. During tissue damage, however, TLR4 may bind endogenous molecules such as high-mobility group box (HMGB) 1 protein or heat shock proteins (32) (33) (34) . Using surface plasmon resonance, it was shown that mFX-HAd5 binds to murine TLR4, while hFX-HAd5 also bound to murine TLR4, but binding was less efficient (10) . It is possible that the configuration of mFX bound to the HAd5 facilitates murine TLR4 binding. One would therefore expect that, compared to HAd5 alone, hFXHAd5 binding to the cell would be higher on the surface of cells that express TLR4. To address this issue, we labeled a HAd5 vector with Alexa-555 (AdLite-555), preincubated it with hFX, and compared the levels of binding to MoDCs by flow cytometry. We found that preincubation of hFX with AdLite-555 did not significantly increase attachment to MoDCs (Fig. 1C) . Because HAd5 vectors interact with the ubiquitous anti-HAd5 humoral response in human blood, we also incubated AdLite-555 with Kiovig and assayed MoDC binding. When Ad␤gal was preincubated with Kiovig, Ad␤gal transduction was completely abrogated (Fig. 1B) . These data demonstrated that Kiovig contained neutralizing HAd5 antibodies. As expected, IC-HAd5 attachment was higher than that seen with HAd5 alone (Fig. 1C and D) . These data were consistent with the interaction of the IgGs with FcR␥ receptors expressed by MoDCs. However, when the IC-hFX-HAd5 complex was assayed, we did not find a further increase in MoDC binding (Fig. 1D) .
hFX-HAd5 did not induce TLR4 internalization. Although we could not detect a significant increase in hFX-induced HAd5 binding, this could have been due to transient hFX-TLR4 interactions and/or hFX-HAd5 release prior to TLR4 internalization. To address this possibility, we incubated MoDCs with HAd5 with or without hFX and assayed for the loss of TLR4 from the cell surface. Upon engagement with lipopolysaccharide (LPS), the quintessential TLR4 agonist, TLR4 is internalized to initiate signaling (35) . When MoDCs were incubated with LPS, we found a clear reduction of TLR4 from the cell surface ( Fig. 2A) . In contrast, surface TLR4 levels on MoDCs were not significantly modified by either hFX-HAd5 or hFX-armored IC-HAd5 (Fig. 2B and C) .
FX-HAd5 did not induce proinflammatory cytokine transcription or secretion in human mononuclear phagocytes. Collectively, the above data indicated that hFX binding to HAd5 poorly augmented cell surface attachment to MoDCs and did not stimulate TLR4 internalization. Additionally, the data suggested that hFX binding to HAd5 did not interfere with polyclonal anti-Ad IgG binding. In human blood, elevated levels of proinflammatory cytokines can be detected within hours ex vivo (36) and in vivo (37) after systemic administration. While the TLR4 internalization is thought to be a requirement for the induction of interferon-␤ (IFN-␤) (35, 38) through a TRIF/TRAF3/IRF3 pathway, the possibility of TLR4 signaling occurring directly from the cell surface and induction of proinflammatory cytokines via MyD88-NF-B cannot be formally excluded. Furthermore, the possibility could not be excluded that TLR4 activation could occur differently for a large agonist such as the 150-MDa HAd5 or that hFXHAd5 interacts with an intracellular TLR4 (or other TLR) fraction and induces proinflammatory and/or IFN-1 responses.
To determine if hFX-HAd5 can induce proinflammatory cytokine secretion via TLR/MyD88/NF-B from the cell surface, we asked if there were TNF-␣ production and/or secretion. In these assays, we also included THP-1 cells, primary human monocytes, and macrophages because they express higher levels of TLR4 and CD14, a partner in TLR4 signaling, than DCs. As demonstrated by many others, LPS induced a significant increase in TNF-␣ secretion in MoDCs, monocytes, and macrophages which was abrogated by the TLR4 inhibitor TAK-242 (Fig. 3 ). When the cells described above were treated with HAd5 vector alone, secreted TNF-␣ levels were comparable to those seen with the mocktreated cells, as previously found (3) (Fig. 3) . When MoDCs, monocytes, and macrophages were preincubated with hFXHAd5, we did not detect an increase in TNF-␣ secretion compared to HAd5-treated or mock-treated cells (Fig. 3) . Accordingly, pretreating the hFX-HAd5-stimulated cells with TAK-242 did not change TNF-␣ levels.
IC-HAd5 induces a significant proinflammatory response in DCs (3). Here we found that IC-HAd5 also induced proinflammatory cytokine secretion in human macrophages and monocytes (Fig. 3 ) and in THP-1 cells (data not shown). We therefore used hFX-armored IC-HAd5 prepared by preincubating HAd5 vector with hFX and then Kiovig. Under these conditions, we found that IC-FX-HAd5 did not significantly change the amount of TNF-␣ secreted by monocytes, macrophages, or MoDCs (Fig. 3) or by THP-1-derived DCs (data not shown). To test if hFX is partially involved in the proinflammatory response to IC-HAd5 through TLR4, we also measured TNF-␣ secretion in TAK-242-treated cells. IC-HAd5-stimulated and TAK-242-treated cells secreted less TNF-␣ than mock-treated cells. But again, the presence of hFX in the IC-HAd5 did not increase the amount of secreted TNF-␣.
To test if an interaction between hFX, HAd5, and TLR affected transcript levels, we measured the levels of selected TRIF/TRAF3/ IRF3-and MyD88-NF-B-dependent proinflammatory cytokine mRNAs by qRT-PCR. Due to the innate differences in mRNA levels found routinely in blood bank donors, we used THP-1-derived DCs. To determine if hFX-HAd5 can induce a type 1 IFN response in human mononuclear phagocytes, we measured IFN-␤ mRNA changes. In these assays, we did not find an upregulation of IFN-␤ expression upon challenge with hFX-HAd5 (Fig. 4A) . In addition, we found no significant modification in IL-1␤, IL-8, or IP-10 transcription upon challenge with hFX-HAd5 (Fig. 4B to  D) . These data also suggested that hFX-HAd5 did not act as a primer in the two-hit model of inflammasome activation.
Together, these data showed that the TLR4-induced MyD88-NF-B and TRIF/TRAF3/IRF3 pathways were functional. hFXHAd5 did not stimulate a proinflammatory cytokine or IFN-␤ response from the cell membrane or intracellular TLR4 and therefore did not contribute to the response induced by HAd5 or ICHAd5 in human mononuclear phagocytes.
FX-HAd5 or hFX-IC-HAd5 did not induce greater costimulatory molecule expression on DC surface. Given that we did not find an involvement of hFX or TLR4 in the inflammatory response to HAd5 or IC-HAd5, we asked if hFX binding to HAd5 had an effect on the phenotypic maturation of MoDCs. DCs are the major antigen-presenting cells and upon maturation upregulate costimulatory surface molecules. To test the effect of hFX binding to HAd5 on DC maturation, we measured by flow cytometry cell surface expression of the maturation marker CD83 and costimulatory molecule CD86 18 h poststimulation. The TLR4-agonist LPS stimulated an upregulation of CD83 and CD86, showing again the presence of the TLR4 pathway in MoDCs (Fig. 5) . Incubation of MoDCs with HAd5 led to a modest upregulation of CD83 and CD86, but addition of hFX did not increase the expression levels of either marker. Incubation of DC IC-HAd5 with or without hFX induced a profound response compared to HAd5, but the addition of hFX did not lead to substantial differences in DC maturation as measured by CD83 and CD86 expression (Fig. 5) .
In summary, we concluded that human hFX, combined with human adenovirus type 5, does not induce a TLR4 pathway, or likely any other innate immune pathway, in human mononuclear phagocytes.
DISCUSSION
The host-pathogen arms race is characterized by molecular changes to pathogens and hosts. Clearly, the host has been best served by a defense that combats many pathogens simultaneously by using PRRs that recognize common pathogen features. The aim of this study was to investigate, using exclusively human components, the interaction of Ad, FX, TLR4, and mononuclear phagocytes. Better understanding human PRR-HAd interactions will enable us to develop responses to disseminated HAd disease and the use of Ad vectors for gene transfer in the clinic. The collection of primary cells (monocytes, macrophages, or DCs) used here was chosen because they are critical effectors and regulators of inflammation and the innate immune response and because of their characteristic patterns of cell surface TLR4 expression (39, 40) . Of the cells used, monocytes produce the highest levels of TLR4 and CD14, which are needed to form a functional LPS receptor (40) . We found that hFX-HAd5 did not induce TLR4 internalization, which is indicative of TLR4 engagement. Compared to HAd5, hFX-HAd5 caused no significant increase in the transcription or secretion of proinflammatory cytokine in human monocytes, macrophages, or DCs. Levels of costimulatory markers indicative of DC maturation were also not increased by hFX-HAd5. Additionally, hFX-armored IC-HAd5 caused no significant change in activation or maturation of the human mononuclear phagocytes. Collectively, these data demonstrated that when hFX is bound to HAd5, the complex does not stimulate a TLR/NF-B-associated innate immune response in human mononuclear phagocytes. Our data complement and extend the in vitro and in vivo results of Doronin et al. (10) in mice.
Mice are the most commonly used animals for preclinical pharmacology and gene transfer studies and can be informative models for human biology. In spite of the practicality of mouse models, the consensus is that it is imperative to take into account their inherent strengths and weaknesses. The ancestors of humans and mice separated approximately 60 million years ago and since then have evolved with their specific pathogens. Species of Adenoviridae propagate in many mammals (including mice), fish, reptiles, birds, and amphibians (41) . Differences that distinguish the human immune system from the mouse immune system include the antigen-presenting-cell physiology and phenotypes (42) . Notable differences between the responses of mice and humans to HAds (as well as other pathogens) have been known for decades.
Although TLR4 basic biological function and signaling appear well conserved, its agonists vary due to the divergence of the ligand-binding domain. TLR4 forms a complex with MD-2 for efficient binding on the cell surface (43) and with CD14 for the internalization of TLR4 (35) . MD-2 acts as a coreceptor for recognition of both exogenous ligands (43, 44) and endogenous ligands (45, 46) . In addition, TLR4 can bind bacterial and viral PAMPs and, under inflammatory conditions, also endogenous damage-associated molecular pattern molecules (9) . Importantly, the amino acid variability in the extracellular TLR4 ligand recognition domain changes the affinity for different agonists. The extracellular domains of mouse and human TLR4 show only 62% sequence similarity, while the hypervariable ligand binding regions have only 48% sequence similarity (9, 47) . Moreover, species differences for MD-2, the coreceptor for TLR4, also affect the ligand recognition (48, 49) and the structural basis for these species differences has been resolved (50) , which highlights the differences in PAMP recognition between mouse TLR4 and human TLR4 (51) (52) (53) (54) . Added to this are the TLR4 cellular expression patterns and tissue distributions. Pertinent examples of this are plasmacytoid DCs (pDCs), which respond to viral infections with a strong type I IFN response. We did not include human pDCs in this study because, in contrast to murine pDCs, they do not express TLR4 (40, 55) . Likewise, there are also differences-albeit small-in the sequence identity and similarity of mouse FX and human FX, which are 77% and 86%, respectively. Interestingly, species differences in the levels of FX-mediated transduction efficacy of HAd5 mediated via heparan sulfates have been also reported for mouse and human FX (56, 57) . Furthermore, HAd5 and mouse adenovirus type 1 (MAd1) differ in their FX binding-dependent tropisms in the mouse model (58) . While these differences do not exclude the possibility of TLR4-dependent recognition of mFXcomplexed MAd1, they imply different steric orientations of mouse FX and human FX on different capsids.
In summary, we found that hFX-armored HAd5 did not induce a TLR/NF-B-related innate immune response and did not synergize with the response induced by IC-HAd5 in human mononuclear phagocytes. There are other plasma components and proteins in the mucus matrix that can interact with the HAd5 capsid and also, to some extent, interact with FX. We did not include other host blood factors in this study. Among these, there are lactoferrin, ␣-defensin, complement factor C1 and C3, coagulation FVII, and protein C (61, 62) . Combining these factors in an exclusively human assay will contribute to a better understanding of the host-pathogen interaction with HAds.
